We enrolled 250 patients with acute myocardial infarction after they had been discharged from the cardiac intensive care unit. Among 236 patients who performed a low-level exercise test just before hospital discharge, 52 (22%) had exercise-induced ST depression of at least 0.1 mV in ECG lead V,, 102 (43%) had ventricular arrhythmias, and 121 (51%) had an exercise capacity of shorter than 6 minutes. We used multiple logistic regression analysis to investigate the association of exercise variables with 1-year cardiac mortality. Exercise duration and ventricular premature depolarizations (VPDs) were significantly associated with 1-year mortality after acute myocardial infarction, both with and without control of the influence of other exercise variables statistically; the association of exercise-induced ST depression with l-year cardiac mortality was not
statistically significant. Standardized regression coefficients showed that the variables ranked in the following order in terms of predictive value: exercise duration, VPD frequency and ST depression. Jackknife techniques showed that multiple logistic regression using the three exercise variables was highly accurate in predicting 1year mortality. EXERCISE TESTING in patients with clinically suspected or overt chronic ischemic heart disease can define safe limits of exercise, define the exertional threshold of angina pectoris or ST-segment abnormalities, and disclose unanticipated arrhythmias or left ventricular failure.'-" Exercise testing also may be useful in patients who have an unwarranted diagnosis of heart disease by showing that they are free of cardiac signs and symptoms during maximum exercise testing. Exercise testing can also identify risk for cardiac death or nonfatal reinfarction in patients with chronic ischemic heart disease'-": Exertional STsegment displacement, angina during exercise, exercise-related arrhythmias, exertional hypotension, exercise duration, maximum exercise systolic blood pressure, maximum exercise heart rate, and exerciseinduced left ventricular failure all have been found to identify subgroups at high or at low risk for subsequent cardiac death.'-"
Exercise testing is not widely used clinically to evaluate patients who are convalescing from acute myocardial infarction (AMI). We designed the present study to determine if a low-level exercise test performed just before hospital discharge for patients convalescing from AMI would be of prognostic value. We performed a standardized low-level exercise test in 236 AMI patients before hospital discharge and followed these patients for 1 year after AMI.
Methods

Patients
We evaluated all admissions to the Cardiac Intensive Care Unit (CCU) of The Columbia-Presbyterian Medical Center from March 1976 through May 1979. We diagnosed AMI when at least two of the following criteria were present: (1) substernal chest pain lasting 30 minutes or longer; (2) electrocardiographic Q waves meeting Minnesota Code criteria for myocardial infarction, with evolutionary ST-T changes;6 and (3) elevation of serum creatine kinase (CK) with MB isoenzyme present. Patients classified as having AMI were considered eligible for enrollment after discharge from the CCU if they were younger than 70 years old, had no recognized disease that would prevent them from walking or from surviving for 1 year after hospital discharge, and did not undergo coronary revascularization surgery before enrollment. We obtained approval for study participation from the personal physician before eligible patients were approached. Patients who gave their informed consent to the research project were enrolled.
Data Collection
Data from the medical history, hospital course (symptoms, physical examination and laboratory data), the exercise test and follow-up were recorded on forms, coded and logged onto digital computer files.
We used a 9-minute exercise protocol designed to finish at an energy expenditure comparable to that required for activities of ordinary daily living (approximately 4 mets).7 The final 3-minute stage was identical to stage I of the standard Bruce exercise protocol.' The exercise evaluation was performed 1 or 2 days before anticipated hospital discharge. Patients with unstable angina, orthostatic systolic blood pressure less than 90 mm Hg, and an unsteady gait 306 were not exercised, even though enrolled. Before exercise, the ECG was recorded continuously for 9 minutes, after which the patient began the protocol shown in table 1. Blood pressure was measured at 1-minute intervals with a standard arm cuff. ECG lead V, was continuously recorded on paper; ST-segment displacement and slope measurements were taken with the patient supine and standing before exercise, standing at peak exercise, and supine at 1, 3, and 10 minutes of recovery. The test was terminated for any symptoms that the patient described as uncomfortable or that made the patient want to stop, or for any event compromising cardiac function (e.g., a fall in blood pressure during exercise accompanied by an ashen appearance). Significant ST depression was defined as horizontal or downsloping ST depression of at least 0.1 mV measured 0.06 second after the J point during exercise or recovery, compared to the resting ST segment (regardless of resting ST displacement). The peak exercise ST segment (patient standing) was referenced to the resting standing record. The recovery ST segments (patient supine) were referenced to the resting supine record. One patient with a paced ventricular rhythm was excluded from ST-segment analysis. None of the 1 1 patients with intraventricular conduction defects or the 97 patients taking digoxin were excluded. Frequency of ventricular premature depolarizations (VPDs) was determined by dividing the number of VPDs recorded by the duration of the recording (fraction of an hour). Pairs of VPDs were defined as two consecutive VPDs at any rate. Ventricular tachycardia was defined as three or more consecutive VPDs at any rate. Multiform VPDs were defined as those that showed changes in direction of the initial or final QRS vector. Changes in the magnitude of the QRS deflection were not considered significant. R-on-T VPDs were defined as R-V/QT less than 1.0, where R-V is the coupling interval of the premature QRS to the previous normal QRS complex.
Follow-up
Three months after hospital discharge, patients returned for an interview and examination. At 6 months and 1 year after discharge, a telephone interview was carried out to determine cardiac status. All recurrent AMIs were diagnosed by the same criteria used to establish the index infarction. In the case of patients who died, the next of kin, immediate witnesses and personal physicians were interviewed. Hospital records and postmortem examinations were reviewed when available.
Analysis of the Data
Our hypothesis at the beginning of our study was that duration of exercise would be a sensitive indicator of left ventricular failure, that exertional ST depression would indicate myocardial ischemia, and that exertional VPDs would predispose to sudden arrhythmic death. We used multiple logistic regression8' (1) to rank exercise duration, number of VPDs during exercise and ST depression in terms of strength of association with cardiac death 1 year after infarction; (2) to test the independence of the association of each of the three exercise variables with 1-year mortality; (3) to determine the combined ability of the three exercise variables to predict 1-year cardiovascular mortality; and (4) to determine if the exercise variables added significantly to the predictive ability of routine clinical variables. Exercise duration was entered to the nearest 0.1 minute, ST depression to the nearest 0.05 mV (up to a maximum of 0.3 mV), and VPD as the number of VPDs recorded during exercise and recovery. A stepwise analysis was performed. We used the maximum likelihood ratio statistic to test the effect of stepwise removal of variables from our multiple logistic regression model. The maximum likelihood ratio statistic is asymptotically distributed as chi square. A difference of less than 3.84 (chi square for 1 degree of freedom at a = 0.05) between likelihood ratios obtained for the model with and without a variable indicated that the variable could be removed without significantly altering the fit of the data to the model.8 To test the predictive ability of the multiple logistic regression model, we chose a cutoff point at which approximately 80% of the deaths would be predicted correctly. A jackknife procedure was used to evaluate the error rates incurred when using this method of predicting mortality. In this procedure regression coefficients were calculated, leaving one patient out, a cutoff value for predicting 1-year cardiovascular death was determined (using our 80% rule), and the patient left out of the analysis was classified. This procedure was repeated for each patient. A twoby-two table was created, classifying each jackknifed patient according to actual and predicted outcome.
We also used contingency analysis by fourfold tables to relate individual exercise variables to other data and to outcome. Fourfold tables show the actual distribution of the patient population by test variables and by outcome, and permit a more direct comparison of our patients to those in other studies than is possible with logistic regression analysis. Continuous variables were dichotomized at values previously used by ourselves or others, or at values that separated the study group approximately into halves. Discrete variables were noted as present or absent. We analyzed associations for statistical significance using the chi square corrected for continuity, and analyzed the strength of associations with the improved estimate of the odds ratio.10 The odds ratio is defined as the odds of experiencing the outcome when the test is positive divided by the odds of experiencing the outcome when the test is negative.10
Results
Of 325 eligible patients, 252 were enrolled; two patients who died of cancer within 1 year were excluded from analysis, leaving a study group of 250 patients. Our study group consisted of 200 men and 50 women, mean age 57 + 9 years.
Two hundred forty-seven patients (99%) survived until the exercise evaluation; 10 patients (4%) were not exercised because of contraindications at the time of testing (four patients with orthostatic hypotension, three with an unsteady gait or arthritis, two with unstable angina and one with symptomatic left ventricular failure), and one patient refused the test. The duration of hospitalization before exercise testing was 16 ± 4 days.
No patient died within 24 hours of the exercise examination. Two nonfatal reinfarctions occurred in the 24 hours after the exercise test, one in a patient who completed the 9-minute protocol without symptoms and the other in a patient who stopped after 6.5 minutes because of fatigue.
Clinical Findings in the Low-level Exercise Test
We wanted to know if the findings from the lowlevel exercise test could provide information that might alter therapy or modify rehabilitation. The findings in 236 patients who performed the exercise test before discharge are given in table 2.
Myocardial Ischemia
Exertional chest pain, or pain in the neck, jaw, shoulder or back that was similar to the pain of the patient's index AMI, occurred during or after exercise in 49 of 236 patients (21%). Horizontal or downsloping ST-segment depression of 0.1 mV or more in lead V5 appeared either during exercise or in the 10-minute recovery period in 52 of 235 patients (22%). (One patient with a paced ventricular rhythm was excluded from ST analysis.) Of the 52 patients with exercise ST depression ( more. Fifty-three patients (22%) had complex VPDs (i.e., multiform VPDs, R-on-T VPDs, VPD pairs or ventricular tachycardia).
To test the hypothesis that ventricular arrhythmias are associated with left ventricular dysfunction in AMI patients, we evaluated the association of exercise test VPDs with clinical variables that are believed to reflect left ventricular failure (table 4) .
There was no significant association between exercise test VPDs and left ventricular failure in the CCU (S, gallop or rales extending at least one-third of the way up the posterior thorax), left ventricular failure at the time of exercise (S, gallop or any rales), or cardiomegaly or pulmonary vascular congestion in the discharge chest x-ray. Also, there was no significant association between exercise test VPDs and an exercise duration less than 6 minutes. VPDs were significantly more frequent, however, among patients receiving digoxin treatment at the time of the exercise examination and among patients with a preejection period-left ventricular ejection time (PEP/LVET) ratio of 0.40 or more.
Left Ventricular Function
One hundred two of the 236 patients (43%) who subsequently performed exercise displayed an S8 gallop and/or rales over at least the lower third of the posterior thorax during their CCU course. By the time of the predischarge exercise test, an S3 gallop and/or pulmonary rales were present at rest in only 20 of 102 patients (20%) who had had failure in the CCU; an ad-308 CIRCULATION Eighteen of the 51 patients with left ventricular failure at exercise testing (35%) had been free of failure in the CCU, and eight of these 18 with late onset of failure (44%) had signs of failure detected at rest before exercise.
To test the hypothesis that less than 6 minutes of exercise was associated with left ventricular dysfunction, we related an exercise duration less than 6 minutes to clinical findings often associated with left ventricular dysfunction (table 5) . Exercise duration less than 6 minutes was associated with clinical left ventricular failure at the time of the exercise test (p < 0.001) as well as with clinical left ventricular failure in the CCU (p < 0.05). There was also a significant association between exercise duration shorter than 6 minutes and age 60 years, history of AMI, digoxin treatment either in the CCU or at the time of discharge, predischarge radiographic cardiomegaly or pulmonary vascular congestion, or a PEP/LVET > 0.40 (table  5) . There was no significant association of exercise duration less than 6 minutes with anterior infarction, with peak creatine kinase 585 U (the CK level previously found by us to dichotomize optimally for mortality after AMPI), or with exercise ST depression 2 0.1 mV. Abbreviations: VPD = premature ventricular depolarization; CCU = coronary care unit; PEP/LVET = preejection period/left ventricular ejection time. 1Five systolic time intervals technically unsatisfactory.
Abbreviations: AMI = acute myocardial infarction; CCU = coronary care unit; PEP/LVET = preejection period/left ventricular ejection time.
Of the 236 patients who performed treadmill exercise, 16 (7%) showed a systolic blood pressure of at least 200 mm Hg either during or after exercise. Fiftysix patients (24%) developed a drop in blood pressure of at least 10 mm Hg during exercise, and exertional hypotension was the major cause for terminating exercise in 18 patients (8%). Fourteen of the 56 patients (25%) with exertional hypotension of at least 10 mm Hg were receiving either nitrates or propranolol at the time of the examination, compared to 66 of 172 (38%) of the patients without exertional hypotension (p > 0.05).
Exercise Test in Prognostic Stratification
The 73 eligible patients not enrolled had a 1-year posthospital cardiac mortality of 14%, which was not significantly different from the cardiac death rate of 12% for the 250 enrolled patients. Twenty-six of the 247 patients surviving until discharge died from cardiovascular causes within 1 year of hospital discharge. Five of the patients who died were among the 10 patients in whom exercise testing was contraindicated: two had unstable angina, two had orthostatic hypotension and one had severe congestive failure. Twelve of the 26 cardiac deaths were not preceded by symptoms and 14 followed ischemic pain that lasted at least for 1 hour. Ten additional patients suffered nonfatal reinfarction within 1 year of their index AMI. For the 236 patients performing exercise, we related clinical and exercise test variables to cardiac death in the year after AMI in table 6.
The three exercise test variables ranked by logistic regression coefficients (strength of association with cardiac death) were exercise duration, VPD frequency and ST-segment deviation. Next, we tested to see if each of the three variables contributed significantly to the fit of the model by omitting one variable at a time, and examining the differences in the maximum likelihood ratio statistic.8 This analysis showed that exercise duration and VPDs had a significant association with 1-year mortality, with and without control of the influence of the other exercise variables statistically. The association of exercise ST depression with 1-year cardiac mortality was not statistically significant. Also, interaction terms were introduced into the model, but they did not significantly improve the fit. The probability of posthospital cardiac death in 1 year ranged from 1% for a patient who completed the exercise test with no VPDs or ST depression to more than 36% for a patient who exercised only 1 minute, with an average VPD frequency of 100 per hour and ST depression of 0.2 mV. Using the jackknife technique, with the cutoff value chosen to include 80% of the deaths, we correctly identified 16 of 21 deaths (76%). We correctly predicted 155 of 214 (72%) of the survivors. Overall, the logistic model with the three exercise variables correctly predicted 171 of 235 (73%) of the outcomes.
To determine if exercise data could improve on clinical variables routinely used for prognostic stratification, we performed a regression analysis using both the Norris Coronary Prognostic Index12 variables CI RCULATION 310 (age, history of prior AMI, x-ray -cardiomegaly, x-ray pulmonary vascular congestion) and,our three exercise variables.' The standardized untransforrmed regression coefficients for these seven variables are given in table 7, and show that all three exercise variables had a stronger association. with, 1-year cardiac mortality than any of the clinical variables that constitute the Norris index.12 In a stepwise fashion, we removed the variable showing the weakest association with cardiac death from the regression and tested the stepped-down regression for a significant (p < 0.05) reduction in goodness of fit by the change in the maximum likelihood ratio statistic. We could remove all of the Norris variables, except radiographic pulmonary vascular congestion, without significantly reducing the goodness of fit. Also, we could remove ST-segment depression during .,the stepdowvn procedure without significantly reducing the goodness of fit.
Discussion
The 236 patients who performed the low-level exercise test all were younger than 70 years of age, survived the acute phase of their AMI, could walk to the 311 These standardized regression coefficients come from the multiple logistic regression model, which has the general form: loge (P/(1-P)) = ao + aix, + a2x2 +... aixi, where P is the probability of cardiac death in 1 year, a's represent the regression coefficients, and x's represent study variables. A coefficient with a negative sign, e.g., exercise duration, means an inverse association.
Abbreviations: VPD = ventricular premature depolarization; MI = myocardial infarction. exercise laboratory before discharge from the hospital, and had no contraindication to exercise testing. This subgroup had a 1-year cardiac mortality of only 9%, less than the 19% 1-year mortality reported for less selected patients from this same institution,'1 but greater than the posthospital mortality of more highly selected AMI patients (e.g., Sami et al.'3). Our eligibility criteria selected a subgroup from our AMI patient population that had a low-to-intermediate risk of dying within 1 year. The exercise test is nonetheless of great value in identifying patients in this subgroup who are at relatively high risk for cardiac death in the year after AMI.
Safety and Value of the Low-level Exercise Test
Two of 236 patients had a recurrent AMI within 24 hours of the exercise test. Pedersen and co-workers reported two instances of ventricular fibrillation (one fatal) in 1500 exercise tests after AMI.14 We conclude that the risk of low-level exercise testing before hospital discharge is low, even though patients in the convalescent phase of AMI are at high risk for recurrent AMI and cardiac death. Even if the convalescent AMI patient is subject to ischemia or arrhythmias during exercise, we believe that the patient is best served by exposing these events under medical supervision in the exercise laboratory.
Exercise testing contributes to management of patients in the convalescent stage of AMI by influencing posthospital medication and exercise prescription. In patients with exertional angina or ST depression, nitrate or ,8-blocker therapy or revascularization surgery should be considered. Since VPDs in the convalescent phase of AMI increase the risk of cardiac death after hospital discharge,'5'21 patients with VPDs should be considered for antiarrhythmic therapy. Patients with an exercise capacity of shorter than 6 minutes should have a more gradual program of physical rehabilitation than patients with the capacity for normal daily activities; also, vasodilator or inotropic treatment should be considered. Therefore, we believe that the exercise test findings are an excellent basis for individualizing medication and activity prescriptions.
Myocardial Ischemia
Theroux et al. 22 and Sami et al. ' 3 found a significant association between exercise ST depression and exercise angina in patients convalescing from AMI. In our regression analysis, we also found that exercise-induced ST depression in lead V, was significantly related to the appearance of exercise angina (p < 0.05). These findings suggest that exercise-induced STsegment depression in patients in the convalescent phase of AMI is related to the appearance of myocardial ischemia.
Three studies13' 22, 23 indicated that exercise-induced ST depression in the convalescent phase of AMI was of prognostic significance ( We found that exertional angina in post-AMI exercise tests was not useful in predicting outcome, as previously reported.'3 24 Available data suggest that exertional angina in the convalescent phase of AMI may not have significant adverse prognostic significance.
Cardiac Arrhythmias
Exercise-induced ventricular arrhythmias on exercise testing in patients in the convalescent phase of AMI have been shown to be associated with increased risk for posthospital cardiac death or reinfarction. '3' 24, 26 Our data support these findings. Other investigators have reported that the combination of left ventricular dysfunction and ventricular arrhythmias in a patient with ischemic heart disease is a poor prognostic sign." 17 We found posthospital cardiac death more frequent among patients with both exercise test VPDs and exercise duration shorter than 6 minutes (15 of 62, 24%) than among patients with either exercise VPDs (16 of 113, 14%) or with less than 6 minutes of exercise (20 of 121 patients, 17%). These findings are consistent with the multiple logistic regression model, which disclosed a significant and independent association both between exercise duration and between exercise test VPD and 1-year mortality.
Ventricular Function
Bruce and co-workers' showed that a maximum exercise systolic blood pressure less than 130 mm Hg was one of three variables most predictive of subsequent cardiac death in men with coronary heart disease. A maximal systolic blood pressure less than 130 mm Hg in our AMI patients also identified a high-risk subgroup. A low maximal systolic blood pressure was significantly associated with exercise duration shorter than 6 minutes, and both of these variables may reflect left ventricular dysfunction. We were surprised to find that an exercise-induced decrease in systolic blood pressure was not a predictor of posthospital mortality, in view of the grave implications of this finding in patients with chronic ischemic heart disease. Thomson and Kelemen26 reported that exertional hypotension (decrease of 10-68 mm Hg compared with peak exercise blood pressure) was invariably associated with advanced coronary artery disease when it accompanied the onset of angina. There was no difference in nitrate Total height of bars represents number of patients (n) in each exercise duration tercile. Percentage at top of bars is percentage oftotal study group in that tercile. Black portion of each bar represents number of cardiovascular deaths within 1 year, and percentage above black portion is percent ofpatients in that exercise duration tercile who diefrom cardiovascular causes within 1 year. or propranolol therapy between our patients with or without exertional hypotension, so it seems unlikely that these drugs caused the exertional hypotension. Post-AMI patients may have had exertional hypotension because of autonomic deconditioning due to restricted activity, or other factors unrelated to the severity of coronary artery disease.
A decreased exercise duration has been associated with increased risk in patients with chronic ischemic heart disease." 4. 26 Previous reports of exercise testing in patients convalescing from AMI revealed that exercise duration had no value in predicting posthospital mortality, or else did not examine exercise duration for predictive value. Our data show that reduced exercise duration is strongly associated with cardiac death in the first year after AMI ( fig. 1 ). Reduced exercise duration is also strongly associated with clinical measures of left ventricular failure (table  5) . Reduced exercise duration is probably a sensitive indicator of left ventricular failure and owes its prognostic value to this association. Completion of at least 6 minutes of the exercise protocol implies a favorable outcome even if ST depression, arrhythmias or clinical left ventricular failure are present.
In summary, in a convalescent AMI population without contraindications to testing, the exercise evaluation is an extremely valuable noninvasive clinical tool for assessment of functional cardiac status and risk for posthospital cardiac death.
